Abstract-A novel wafer level integrated low-insertion-loss filter working at 1.8 GHz (DCS LPF) with suspended inductors and patterned ground shields on the lossy silicon substrate is fabricated. Thick BCB interlayer is used as the supporting dielectric, and the backside cavity on Si wafer is formed by using a two-step back-etching process. The influence of patterned ground shields on the Q factor of the suspended inductors and the influence of low-resistivity silicon on the insertion loss of filters are analyzed by EM simulation. The fabricated 2.7 nH inductor has a maximum Q factor of 49 at 8.2 GHz and high Q factors more than 22 in the broadband frequency range from 1 GHz to 10 GHz. And the realized LPF in DCS band has the insertion loss of 0.35 dB and return loss of more than 15.5 dB at the pass band, with the second harmonic rejection being 23 dB and the third harmonic rejection being 38 dB respectively.
INTRODUCTION
Integrated passive device (IPD) technology has gained more and more attention in recent years and has been developed to integrate many functional blocks, such as filters, baluns and matching circuits owing to the advantage in the cost and size reduction [1] [2] [3] . Filters are widely used in radio frequency (RF) systems. The loss in silicon substrate has remained the major barrier in reaching high quality (Q) factor of inductors and low insertion loss of filters, especially in the high frequency range (above 1 GHz) [4, 5] . Many methods have been tried to decrease the pass band insertion loss, e.g., by using high resistivity silicon (HRS) [6] or other types of substrate [1, [7] [8] [9] [10] . Another way is by fabricating the filters with 3-D architecture [11] [12] [13] . However, HRS wafers are rather expensive while other types of substrates may bring about CTE mismatch problems. And 3-D filters are complex to fabricate and unstable because of the weakness of the thin supporting membrane.
In this paper, we propose a new suspended inductor with patterned ground shields (PGS) by using copper (Cu)/benzocyclobutene (BCB) based wafer level fabrication methodology and bulk Si etching technologies. The substrate underneath the planar inductor is removed to reduce the substrate losses, while PGS are used to further block the electromagnetic field of the inductors from leaking into the substrate. It is easy to realize the backside cavity by using a two-step back-etching process and the thick BCB interlayer can support the inductors robustly in replacing any other membrane, such as SiO 2 or Si 3 N 4 . And a low pass filter (LPF) operating at 1.8 GHz in a digital cellular system (DCS) band is designed and fabricated by using these inductors. These inductors and filters provide the compatible capacity with the CMOS and wafer level packaging (WLP) processes. Experiments demonstrate that the suspended planar spiral inductors with PGS have high Q factors in the broadband frequency range from 1 GHz to 10 GHz. Furthermore, the RF performance of the LPF is enhanced together with the reduction of insertion loss and process cost. Figure 1 shows the designed structures of the suspended inductor and filter with patterned ground shields on low-resistivity (∼ 5 Ω·cm) silicon substrates. A cavity underneath the spiral coil is etched to reduce the silicon substrate losses. The excessive loss of the conventionally used silicon substrate can be avoided absolutely by the shielding layer which restricts the electromagnetic field to the half space above the silicon substrate. Full-wave electromagnetic (EM) simulation is used to study how the structure of PGS influences the Q factor and inductance of the suspended inductor. As shown in Figure 3 , the suspended inductor with PGS has higher Q factor, especially in the range of 3-10 GHz, e.g., at 7 GHz, the Q factor increases 56%. The PGS lowers the inductance, indicating that the generation of eddy currents in the PGS is relatively low. Considering the trade-off between the inductance and the Q factor, our design has been optimized.
DESIGN AND SIMULATION
A low-insertion-loss LPF in 1.8 GHz DCS band (1.71-1.98 GHz) is designed to demonstrate the effect of the suspended structure with PGS. In this paper, we consider the following specifications for the filter: pass-band insertion loss of 0.4 dB, 3-dB cut-off frequency of 2.8 GHz, minimum attenuation of 25 dB and 35 dB at 3.6 GHz and 5.4 GHz respectively. According to the specifications, the 5th-order elliptic low pass filter circuit topology shown in Figure 4 is selected, due to its sharp cut-off characteristic. This configuration utilizes two parallel-tuned circuits where each condition of parallel resonance directly corresponds to a transmission zero. Thus, it would result in higher selectivity as required by the specifications.
According to the specifications and based on the design formula of elliptic low pass filters, the element values of the ideal circuit topology can be obtained [14] . In the circuit-level simulation, by using Agilent Advanced Design System (ADS) software, a much improved insertion loss is expected since there is no parasitic and loss for the ideal inductor and capacitor. After the simulation, an EM simulation is followed for the preliminary layout and is absolutely necessary in such designs since the close proximity of all these components can alter the performance of the filter significantly. In order to achieve the possible smallest form factor, the tank capacitor is placed inside the inner diameter of the tank inductor. According to the result of the EM simulation, the values and layout of the MIM capacitors are tuned until the targeted electrical performance is achieved. The component values for the LPF in DCS band after optimization are summarized in Table 1 . As shown in Figure 5 , a reasonable agreement between circuit and EM simulation is verified for the suspended filter with PGS, which is mostly attributed to the high Q factor of the inductors. Figure 6 shows the simulation results of normal and ground-shielded suspended LPFs in DCS band. The proposed LPF has improved RF performance with very low insertion loss of only 0.33 dB at the pass band, and this value has been improved by a factor of more than 70% compared with non-suspended LPF. 
FABRICATION
Suspended inductors and LPFs in the DCS band with PGS are fabricated on a 4-inch 100 silicon substrate with low resistivity (3-8 Ω·cm) and a thickness of 420 µm. Utilizing wafer level integration and bulk Si etching technologies, the fabrication of the RF filters combines the process steps for both highperformance ground-shielded suspended inductors and suspended MIM capacitors. PECVD Si 3 N 4 with a thickness of 2000Å is used as the capacitor dielectric layer. The deposition of the insulator is carried out at a low temperature (300 • C) without post-annealing. After the fabrication, the measurement result is conducted as follows: the capacitance density is 330 pF/mm 2 , which is high enough for most of RF applications. Figure 7 illustrates the fabrication steps, which are detailed as follows. 
RESULTS AND DISCUSSION
The two-port S-parameters are measured with ANRITSU MS2038C vector network analyzer through onwafer probing in ground-signal-ground (GSG) configuration. A short-open-load-thru (SOLT) calibration is applied to calibrate the measurement setup over the frequency range from 0.1 GHz to 10 GHz. The characteristic impedance of the measurement system is 50 Ω.
RF Characteristics Test of the Suspended Inductor with PGS
To characterize the RF performance of the proposed inductor, the element L 1 is evaluated in the structure shown in Figure 8 (c). The measured S-parameters are first converted to Y -parameters. Then, the parasitic parameters of the pad are removed by open de-embedding method using Eq. (1). Q factor and inductance (L) are calculated using Eqs. (2) and (3).
As shown in Figure 9 (a), the measurement result of Q factor of the proposed inductor is reasonably in accordance with the simulation in 0.1-2 GHz frequency range. However, at high frequency above 2 GHz, the measured Q factor is higher than the simulated one. The difference between the simulation (a) (b) Figure 9 . Comparison of the measured and simulated (a) quality factor and (b) inductance of groundshielded suspended inductor.
results and the tested data is mainly due to the following reasons. Firstly, the fabricated opening dimensions underneath the spirals are larger than the designed parameters, due to the over-etching of DRIE process. Therefore, the coupling between the inductor and the lossy silicon substrate can be reduced. Secondly, it is possible arise from the difference of the thickness of BCB from designed value due to the deviation of the parameter during processing. As the BCB layer thickness increases, the substrate loss decreases, resulting in higher Q-factor at high frequencies and more stable characteristic of the inductance. The fabricated inductor shows Q max = 49 at 8.2 GHz, and its series inductance is 2.7 nH. As shown in Figure 9 (b), the measured inductance shows good correlation with the simulated one with small discrepancies that may also be attributed to the process variations in fabrication, such as the metal thickness control during electroplating and the overdevelopment of the Metal 3 (Figure 8(a) ). Figure 10 depicts the measured and simulated S-parameters at room temperature for the 0.1-7 GHz frequency range. The difference of insertion loss between measurement and simulation is relatively small in the pass band (1.71-1.98 GHz). The measured S-parameters demonstrate that the insertion loss at 1.8 GHz is 0.35 dB and the loss is less than 0.44 dB up to 1.98 GHz. The return loss is better than 15.5 dB in the pass band. Since the return loss is very sensitive to small layout features, it is difficult to predict the return loss very well. In our results, the return loss difference is within 4 dB in the pass band, indicating that the result is quite good. The second order (3.6 GHz) and third order (5.4 GHz) harmonic attenuations of 23 dB and 38 dB are achieved. In the pass band, the measured return loss shows higher than the simulated one. It is possible attributed to the decreased capacitances of the fabricated MIM capacitors. In the high-side stop band, the process variation is seen to have more impact on the frequency response shift. Multiple process variations may account for this frequency shift. The possible variations include:
RF Characteristics Test of the Suspended LPF in DCS Band with PGS
1) The different width and space of the inductor would cause variation in inductance, due to the overdevelopment of the Metal 3.
2) The different width of capacitors and the thickness of the Si 3 N 4 dielectric layer would cause the variation in capacitance. 3) A shift in the alignment between the top and bottom electrodes would affect the value of the capacitors and in turn cause a shift in the frequency. Table 2 summaries the filter performance and compares with prior arts of LPFs realized in other technologies using low-loss substrates similar to IPD, or MEMS technology. The proposed filter shows equivalent or better characteristics than those using other methods. 
CONCLUSIONS
A novel WL-integrated low-insertion-loss filter with suspended high-Q spiral inductor and patterned ground shields combining wafer level packaging and bulk Si etching technologies is proposed. The design and fabrication of micromachined spiral inductors with suspended structure and PGS are presented, in order to minimize the substrate losses. The suspended structure supported by the thick BCB interlayer is robust and easy to realize by using a two-step back-etching process. With the well-developed substrate process and the PGS structure, high-Q inductors on low-resistivity silicon wafer are obtained, demonstrating a maximum Q factor of 49 of the 2.7 nH inductor and especially high Q factors in the broadband frequency range from 1 GHz to 10 GHz. And a 1.8 GHz LPF in DCS band is designed and fabricated using these inductors. The fabricated LPF has the insertion loss of 0.35 dB at the pass band and the return loss of more than 15.5 dB, with the second harmonic rejection being 23 dB and the third harmonic rejection being 38 dB respectively. Furthermore, these inductors and filters provide the compatible capacity with the CMOS and WLP processes. It is concluded that, this suspending and ground shielding technologies for the high performance integrated passives will push the RF operating window of low-resistivity Si wafers well into 10 GHz and broaden the application area of IPDs.
